I. INTRODUCTION
T HE space mission SPICA (Space Infrared Telescope for Cosmolgy and Astrophysics) consists of a 3.5 m telescope actively cooled to a temperature of 7 K, designed to be diffraction limited at a wavelength of 3 . The active cooling of the telescope reduces its emission to a level below the astrophysical background power level over the entire wavelength range of operation . This represents a reduction in loading at far-infrared (FIR) wavelengths of more than a factor of over the 50 K HERSCHEL telescope. SAFARI is a proposed FIR instrument for SPICA consisting of an imaging Fourier Transform Spectrometer (FTS) covering the wavelengths from 34 to 210 with science goals of furthering our understanding of planetary system formation, the life cycle of dust and gas in the galaxy, and the formation of galaxies. The SAFARI wavelength coverage is divided into 3 bands in the focal plane covering the wavelength ranges from , 60-110 , and 110-210 . Each band requires a 2D focal plane array of 0.5 fl spaced pixels covering a field of view. The total number of pixels in all three bands is approximately 6000. In order to take advantage of the reduction in background power provided by the cooled telescope, SAFARI requires detectors with a combination of low optical NEP and high optical efficiency.
One of the most commonly used incoherent detectors in long-wavelength astronomy is the bolometer. A bolometer consists of a broad band radiation absorber that converts incident electromagnetic energy into heat, which is then detected using a sensitive thermometer; both the absorber and the thermometer are thermally isolated from the surrounding environment by a micro-miniature structure of some kind. Bolometers have been used as detectors in ground-based submillimeter astronomical instruments such as UKT14, SCUBA, BOLOCAM, SHARC, on balloon-borne experiments such as BOOMERANG, Top Hat and MAXIMA, and on space-based instruments such as IRAS, IRTS and FIRAS; they are in the active PLANCK-HFI and HERSCHEL-SPIRE and HERSCHEL-PACS instruments. In these devices, the absorber consists of a thin metal film, which is impedance matched to the incoming radiation, and the thermometer is comprised of a doped semiconductor, which has a resistance that depends on temperature.
The Transition Edge Sensor (TES) is a bolometer that uses a thin superconducting film, biased in the middle of its superconducting transition, as the sensitive thermometer. When voltagebiased, an increase in the temperature of the superconducting film results in an increase the resistance, which in turn reduces the current flowing in the bias circuit. The small change in bias current is monitored by a low-impedance, low-noise Superconducting Quantum Interference Device (SQUID) amplifier. Both the TES and the SQUID are planar superconducting devices, and can be lithographically mass produced to form large-format imaging arrays. Each sensor with SQIOD requires a total of 6 wires (2 for TES bias, 2 for SQUID bias and 2 for SQUID feedback), and so for large arrays, some degree of cold multiplexing is required in order to minimize the thermal loading and complexity of the control electronics. SQUIDs can be used to achieve the multiplexing, as well as the first stage of amplification.
In the phonon-limit, which with care can be achieved experimentally, the of a TES is given by:
(
where , is Boltzmann's constant, is the TES operating temperature, and the thermal conductance of the link between the TES and the heat bath. Clearly, according to (1), 1051-8223/$26.00 © 2010 IEEE there is a trade-off between the operating temperature, , and the thermal conductance of the device, , which is dependent on both the geometry of the isolating legs and their temperature. In reality, however, the saturation power of the detector also falls as falls, and therefore it is necessary to reduce both the temperature and the thermal conductance to achieve a detector that both has low noise and that can be used to detect significant levels of power before saturation sets in. For a TES with , requiring a bath temperature of about 50 mK, a sensitivity of sets a requirement on of . Low-dimensional SiN structures are capable of achieving thermal conductance in this range, and ultra-low-noise detectors typically need to be cooled to 50 mK to achieve the required performance.
The instantaneous dynamic range of a detector is the maximum change in power that can be detected divided by the noise in one second of integration. At equilibrium, the bias power supplied to the TES is well described by , with a constant (for devices studied here the value of is in the order of ), and , depending on temperature and heat transport mechanism. The differential thermal conductance, , is therefore equal to . Both the signal dynamic range and are functions of . For a TES with , , , and of , the signal dynamic range is , falling to about for a device operating at the same temperature, but with an of . The effective time-constant of a TES-based bolometer is given by , where is the heat capacity of the TES and its absorber, its heat conductance to the bath, and its electro-thermal feedback (ETF) loop gain. We note that to achieve a detector of , with a detector operating at a of 100 mK, we require a thermal conductance . To estimate the heat capacity we use the following arguments: a Ti/Au thermometer has a normal state heat capacity of ; half way up the transition this will be . The time constant will therefore be about 100 ms. Experience with Ti/Au TES for X-ray and even low-TES for IR applications suggests that the ETF-loop gain is somewhere around 20-100. Thus, a realistic pixel speed for a 100 mK detector would be 1-5 ms.
II. DEVICES AND EXPERIMENTAL SETUP
For optical coupling to a SAFARI pixel we use a traditional horn-coupled concept as the baseline design consisting of an input collecting horn that feeds a hemispherical cavity containing a detector with a planar absorber with impedance matched to free space as shown in Fig. 1 . However, the size of the horns required for SAFARI is much smaller than has been used in any previous instrument. For example, the horns for the short wavelength band of SAFARI have large apertures of less than 500 and small apertures of close to 50 . Fabrication of a large 2-D array of these horns for the SAFARI focal plane is challenging.
The TES detectors used for optical characterization were manufactured at SRON/Utrecht. As shown in Fig. 2 , the . The entire structure is supported by four legs, each . Niobium wiring is used to contact the thermometer and absorber.
The test bed is based on a Janis two stage adiabatic demagnetization refrigerator (ADR) system with base temperature 60 mK that gives us enough margin for TES tests with . Magnetic shielding of the detector volume is achieved with a Metglas 2705M foil [3] layer on the first (1 K) stage shield and -thick tin-lead alloy shielding on the second (60 mK) stage. The temperature of the cold plate is controlled by a feedback loop that controls the ADR magnet current.
The cold readout TES circuit is shown in Fig. 3 , where is the shunt resistor, is the bias resistor, is the input coil of the SQUID and is the feedback coil of the SQUID. For read out we used PTB (Physikalisch-Technische Bundesanstalt) single SQUID device mounted on the same temperature stage as the TES. In some tests a NIST SQUID array has been used [4] . In case of the NIST SQUID array the SQUID block is mounted on the 1 K stage and connected with the TES by means of shielded superconducting Nb/Ti cable. For illumination of the TES we used a variable temperature large area blackbody source mounted on the 4.2 K shield. A resistive heater and calibrated diode thermometer are glued to the back side of the copper cone and the blackbody assembly is suspended on kevlar strings, which make it possible to heat it up to with less than 10 mW of heater power. The thermal stabilization time of the blackbody is approximately 10-20 s. The detector is mounted in a light-tight holder with optical cavity and horn. The frequency band was defined by metal mesh bandpass filters manufactured at Cardiff and similar for those in the PACS instrument [5] with cut-on frequency and cutoff frequency . We used a system of black baffles to make sure that any leakage of photons onto the shields was minimized.
III. EXPERIMENTAL RESULTS
We characterized the TES initially in a dark enclosure to obtain . The power dissipation in the TES, as a function of base temperature is shown in Fig. 4 . We measured the electrical time constant by applying a small square wave deviation on top of the DC bias and measuring the resulting current transient. The time constant was computed by fitting an exponential decay to the time stream data. The time constant was measured at different bias points on the IV curve at a base temperature of 70 mK giving values of ranging from 1.2 to 2.6 ms. We have measured IV curves of the TES at base temperature with different levels of optical power from the large blackbody source. Absorbed power in the TES is shown in Fig. 5 . The smooth curve in Fig. 5 shows the amount of power predicted to be incident on the entrance aperture of the detector horn assuming 70% transmission of the filter stack and a throughput given by where is the area of the exit aperture of the collecting horn (46 diameter). The uncertainty in the amount of power incident on the horn is dominated by uncertainties in the blackbody temperature and transmission spectrum of the filters.
At lower blackbody temperatures the absorbed power differs from the estimated emitted power possibly due to stray optical load with power . The statistical uncertainty in the measurement of the absorbed power is 1 fW. However, there are systematic errors in the measurement of absorbed power such as variations in the SQUID gain due to different levels of trapped magnetic flux at the level of 1%. The optical saturation power for this device was measured to be at and for the device was in the normal state.
We measured the noise spectral density of the TES under different optical loading conditions and use the IV data under the same conditions to derive a noise equivalent power . The measured of the detector with no optical power is shown in Fig. 6 . The measured spectrum of TES noise under blackbody load is also shown in Fig. 6 .
The expected photon shot noise is given by , where is the optical power and is the intensityweighted average photon energy. By measuring the frequency dependence of this noise we obtain an estimate of the optical time constant of . These measurements can be used as a consistency check of the detector spectral response. If the cut-on frequency of the radiation detected from the cold blackbody was significantly different from 5 THz then we would expect to see a different level of photon noise. Current values of and are an order of magnitude higher than SAFARI requirements, which will be resolved in new thermal design with longer suspension beams.
IV. CONCLUSION
Optical and electrical measurements of a low-G TES detector designed for the frequency band 5-10 THz are presented in this paper. The estimated phonon-limited , using and the electrical time constant . The measured optical . We also detected both the total power and photon noise from a blackbody source at temperatures of approximately high signal-to-noise and from this data derived an optical time constant .
